To elucidate the role gap junctions play in the bystander transfected with the HSVtk gene failed to exert a bystander effect, we examined the cytotoxic effect of herpes simplex effect, whereas N2A transfectants coexpressing the convirus thymidine kinase (HSVtk) 
Introduction apoptotic vesicles, transduction of endothelial cells in Previous studies have shown that murine fibroblast cells tumor vessels, induction of an antitumor immune genetically engineered to produce retroviruses containing response, and transfer of phosphorylated GCV between the herpes simplex virus-thymidine kinase (HSVtk) gene cells via gap junctions. 4, [11] [12] [13] [14] [15] All theories are supported by are capable of eliminating a variety of tumors in animal experimental data and it is possible that more than one models in the presence of the antiviral drug ganciclovir mechanism contributes to the bystander toxicity; it is also (GCV). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Given that the in vivo transduction rate of possible that one mechanism may be more important in tumor cells by retroviral vectors in animal models is genvitro and another under in vivo conditions. 16 In this erally low (usually in the range of 10% of the tumor cell report, we present evidence to support other recent studpopulation), a 'bystander effect' was hypothesized to ies indicating that gap junction communication between explain the death of the nontransduced tumor cells. This HSVtk modified and nonmodified cells plays an bystander effect has been shown to occur both in vitro important role in bystander cell death in vitro. 17, 18 In and in vivo, is not mediated by soluble factors released addition, we extended these in vitro findings to gap juncin the cell culture medium by dying cells and requires tion channels formed by another connexin protein (ie close cell contact. 4, 10 Bystander effect potency is exemconnexin37) and showed that gap junction-mediated plified in certain in vitro systems by growth inhibition bystander toxicity plays an important role in tumor coneven when one HSVtk-positive cell is mixed with 1000 trol in vivo. Our results pertain to the HSVtk/ganciclovir HSVtk-negative cells. 7, 9 system and not to other enzyme/prodrug combinations, Several theories have emerged to explain the such as the cytosine deaminase/5-fluorocytosine system, where direct cell-to-cell contact is not required.
with low or absent gap junction communication.
The bystander effect is dependent on connexin expression of target cells SKHep1A human hepatoma cells have low endogenous expression of connexin45 but not of other major connexin
In order to assess the role of connexin expression in bystander cytotoxicity exerted by HSVtk + cells, we tested genes and have low levels of junctional conductance (Figures 1 and 2a) . 21 (Figure 2a ). 22 SKHep1A, N2A and PC12 clone J cells were transfected effect on nonmodified target Walker and C19 cells, in the presence of GCV. 7-10 Effector Walker-tk + and C19tk + cells with human connexin43, rat connexin37 and human connexin43 cDNA, respectively, to produce the correspondwere cocultured with target cells with low or absent cell communication and their connexin transfectants at variing PGF1, 5Q and PC12J-Cx43 transfectants (Table 1) .
Western blot analysis shows connexin43 expression in ous ratios (1:1, 1:10 and 1:100 effector to target cell ratios) followed by GCV administration. Walker-tk + , C19tk + , PGF1 and PC12J-Cx43 cells but not in the parent, nonmodified SKHep1A and PC12 clone J cells Walker-tk + cells exerted a modest bystander effect on low junctional conductance SKHep1A cells at 1:1 effector (Figure 1) . The 3-kb transcript of connexin43 was expressed in PC12J-Cx43 and PGF1 cells on Northern blot to target cell ratio (Figure 3a) . In contrast, when the connexin43 expressing PGF1 cells were used as targets, the analysis (data not shown). Similarly, connexin37 expression is demonstrated in 5Q but not in the parent bystander effect of Walker-tk + cells was significantly increased at 1:1 and 1:10 effector to target cell ratios (P N2A cells (Figure 1 ). (Figure 2b ). These results demonstrated that junctional conductance was significantly higher in expression of the bystander effect we transfected the HSVtk gene into 5Q and N2A cells. These HSVtk-modicells transduced with connexin37 or connexin43 than in the parent cell population; and that expression of the fied cells (5Qtk + and N2Atk + ) have similar levels of connexin expression as their parent cells (5Q and N2A) but HSVtk gene does not appreciably reduce dye coupling in the endogenously coupled cells or electrical coupling in unlike the parent cells they are sensitive to GCV. N2Atk with target N2A or 5Q cells did not exert a bystander effect on either target cell line and at every cell ratio tested (Figure 4a ). In contrast, communication-competent 5Qtk + cells conferred GCV sensitivity to 5Q but not to N2A cells (Figure 4b ). Significant bystander effect by 5Qtk + cells on 5Q cells was observed at all effector to target cell ratios and was greatest at the 1:1 ratio. These results demonstrate that in vitro connexin expression and gap junction communication is a prerequisite for full expression of the bystander effect.
Only gap junction-competent cells are susceptible to bystander effect in vivo In order to confirm our in vitro observations we examined the effect of HSVtk Other control groups included animals that received 5Q cells with or without GCV and animals that received N2A cells with GCV. There was no significant difference between the 5Q GCV + and 5Q GCV − groups and also between the 5Q GCV + and N2A GCV + groups. Therefore, differences in the in vivo growth rates between N2A and 5Q cells can not explain the observed effect of 5Qtk + cells on communication-competent 5Q but not communication-deficient N2A cells.
Western blot analysis of tumors from animals injected with 5Qtk + /5Q or 5Qtk + /N2A cells and treated with GCV showed absence of HSVtk expression, indicating that tumor growth was not due to the growth of GCV-resistant 5Qtk
+ cells (Figure 6a ). Additionally 5Qtk + /5Q tumors express connexin37 whereas 5Qtk + /N2A tumors did not ( Figure 6b ). Taken together these results indicate that tumor growth from 5Qtk + /5Q or 5Qtk + /N2A cell mixtures were derived from 5Q or N2A cells that escaped 5Qtk + mediated bystander cytotoxicity.
Discussion
HSVtk transduced (HSVtk + ) cells are sensitive to the antiviral drug GCV and confer cytotoxicity to neighboring 26, 27 It is known that specific connexins are expressed in difcommunication-competent or communication-deficient tumor cells. ferent tissues and that a single cell type may express more than one connexin. 26 At least in vitro, heterotypic SKHep1A human hepatoma cells have a low level of endogenous coupling due to minor expression of conconnexin channels composed of different connexins do form enabling cell communication. However, there is evinexin45. 21 Weak coupling is also seen between SKHep1A and PGF1 cells, indicating that connexin45 and condence of selective affinities of junctional pairings, in that certain connexins are restricted in their ability to make nexin43 form functional heterotypic channels. 31 In this
Materials and methods

Connexin transfected cell lines
The SKHep1 cells were derived from a highly metastatic human hepatoma tumor 36 and subcloned by dilution to obtain a morphologically uniform, poorly coupled population termed SKHep1A. 21 PGF1 cells are SKHep1A cells transfected with the expression vector pGF1 containing nucleotides 1-1817 of the human connexin43 cDNA as previously described (Table 1) . 37 The PC12 rat pheochromocytoma and N2A mouse neuroblastoma cell lines were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA); both were subcloned to obtain subpopulations in which endogenous coupling was virtually absent (termed of junctional communication similar to those shown in Figure 2a for more than 10 passages. PC12 clone J cells and their connexin43 transfectants (PC12J-Cx43) were heterotypic channels (eg connexin40 can functionally maintained in RPMI-based culture medium (RPMI media interact only with connexin37, but not with other 1640), supplemented with 10% horse serum, 5% fetal boconnexins). 32, 33 Selective pairing between cells with cervine serum, 1% l-glutamine and 1% penicillin (all compotain connexin phenotypes may partially explain the difnents from Life Technologies, Gaithersburg, MD, USA). ferences that have been observed in the sensitivity of The N2A cells and N2A cells transfected with connexin37 various tumor cell lines to the bystander effect.
10,25,34 The (5Q) were maintained in Dulbecco's modified Eagle's presence of functional heterotypic channels also explains medium (DMEM) supplemented with 10% fetal bovine the presence of a bystander effect between cells from difserum, 1% penicillin and 1% l-glutamine (all components ferent species observed in this and previous studies.
from Life Technologies). Recent studies have emphasized differences in ionic selectivity among gap junction channels formed of differHSVtk transfected cell lines The rat Walker 256 carcinosarcoma and the mouse K1735 ent connexins. Notably, connexins45 and 37 are markedly less permeable to anions than cations, whereas con-C19 melanoma cell lines were obtained from the ATCC. 39, 40 Both cell lines and their HSVtk transfectants nexin43 is about equally permeable to ions of either charge. 21, 31, 35 Despite these differences in ionic selectivity, were maintained in a RPMI-based culture medium (RPMI media 1640) supplemented with 10% fetal bovine channels formed by each of these connexins are effective in bystander killing, perhaps due to the potent toxicity serum, 0.1 mm nonessential amino acids, 1 mm sodium pyruvate, 2 mm l-glutamine, 25 units/ml penicillin, of the GCV metabolite that is presumably transferred from one cell to another. Although this triphosphorylated 25 g/ml streptomycin, 25 g/ml of fungizone and 50 g/ml gentamicin (all components from Life molecule might be expected to cross some junctions more readily than others, relative differences in permeability Technologies). The Walker-tk + and C19tk + cell lines were generated by may be less important than the intercellular delivery of even low concentrations of this toxin at equilibrium. infection of the Walker or C19 cells with filtered conditioned medium containing HSVtk retroviruses from In conclusion, our results suggest that the bystander effect mediated by HSVtk + cells, in the presence of GCV, murine fibroblast producer cells as previously described. 7,10 Three days later G418 (0.4 mg/ml) was depends on connexin expression and gap junction communication between cells. Our results are pertinent to added to select for infected cells. Medium containing G418 was then replaced every 3 days until colonies gene therapy approaches in patients with brain tumors. Determining the connexin expression on tumor cells appeared. The C19tk + cell line was established from pooled G418-resistant cells whereas a G418-resistant explanted from surgery could be useful in predicting the bystander effect mediated by HSVtk + cells when used single colony was selected to generate the Walker-tk + cell line. experimentally in the treatment of tumor recurrences; thus, selection of experimental subjects for gene therapy
The N2Atk + and 5Qtk + cell lines were generated by transfection of N2A and 5Q cells with pBabePuro-HSVtk could be optimized. Furthermore, in certain tumors, junctional communication due to low connexin expression plasmid DNA containing the HSVtk gene and the puromycin resistance gene. 12 N2A or 5Q cells were transfected could be augmented with connexin43 or connexin37 retro-or adenoviral vectors. Our results together with with a calcium phosphate precipitate of pBabePuroHSVtk plasmid DNA for 24 h (Transfinity Kit; Life previous evidence that tritiated-GCV can be transferred from HSVtk + to HSVtk − cells argue for the role of gap Technologies), followed by puromycin selection (1.25 g/ml) until colonies were obtained. Individual colonies junction mediated transfer of phosphorylated GCV as the main mechanism for the bystander effect.
were screened for sensitivity to GCV (Syntex Laboratories, Palo Alto, CA, USA) and the colony with the highest GCV sensitivity was used for all experiments.
Western blot analysis Cell lines were cultured in 100 mm dishes to confluence. The confluent cultures were washed in cold TBS buffer (150 mm NaCl, 10 mm, Tris pH 8.0) twice and lysed in RIPA buffer (150 mm NaCl, 1% NP-40, 0.5% Na deoxycholate, 0.1% SDS, 50 mm Tris, pH 8.0, 100 mm NaF, 1 mm Na orthovanadate, 20 g/ml aprotinin, 4 g/ml leupeptin, 2 mm Na pyrophosphate, and 2 mm phenylmethylsulfonylfluoride) by rocking at 4°C for 20 min. Extracts were clarified by centrifugation (12 000 g, 10 min) to remove insoluble material. The protein concentration of extracts was determined by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA) using BSA as a standard. Ten micrograms of total protein was used for the HSVtk immunoblots and 50 g of total protein was used for the connexin immunoblots. The protein samples were loaded on a 10% sodium dodecyl sulfate polyacrylamide gel. After electrophoresis at 50 mA for 1. h, the proteins were transferred on to a nitrocellulose membrane (0.2 mm; Schleicher and Schuell, Keene, NH, USA) at 200 mA for 1 h using a Semi-Dry Blotter (Model IMM-1, WEP Co, Seattle, WA, USA) electrotransfer unit (transfer buffer: 12.5 mm Tris, pH 8.0, 96 mm glycine, 10% methanol and 0.01% SDS ). The nitrocellulose membranes were blocked in 5% dry milk dissolved in Tris-buffered saline (TBS; 10 mm Tris, pH 8.0, 150 mm NaCl) for 1 h at room temperature and probed for 2 h with rabbit polyclonal antiHSVtk antibody (1:500 dilution) 41 or rabbit polyclonal anticonnexin43 (Zymed Laboratories, San Francisco, CA, USA) and anticonnexin37 42,43 antibodies diluted 1:500 in 1% BSA TBST (10 mm Tris, pH 8, 150 mm NaCl, 0.05% Tween 20). Secondary goat anti-rabbit IgG antibody conjugated to horseradish peroxidase (Boehringer Mannheim, Indianapolis, IN, USA) in 1:20 000 dilution was added after removal of the primary antibody solution and detected using enhanced chemiluminescence (Dupont, Boston, MA, USA) according to the manufacturer's instructions. Prestained protein standards (Life Technologies) were used as molecular weight markers.
Electrical coupling assay
Electrophysiological analysis of cell pairs from parental and transfected cell lines was performed as previously described. 37 Each cell of a pair was voltage clamped using heat-polished patch type pipettes filled with a solution containing 140 mm CsCl, 5 mm KCl, 10 mm HEPES, 10 mm EGTA, 1 mm CaCl 2 , 2 mm Mg ATP, pH 7.4. High resistance seals were formed on each cell with the aid of gentle suction and access to the cell interior was then gained by brief strong suction applied to the patch pip- were continuously monitored on a four channel chart when the 100% target cell population reached confluence. 
